During an intermittent switch from IPV to OPV, this proportion increased to 100% within 2 months. During the 3 months when IPV was reintroduced to replace OPV, a substantial proportion of samples (25%) remained positive for poliovirus. In the OPV-using sites, on average, 54% of samples were poliovirus positive. Seventy-seven percent of poliovirus isolates showed at least one mutation in the VP1-encoding sequence; the maximum genetic divergence from the Sabin strain was 0.7%. Several isolates showed mutations on attenuation markers in the VP1-encoding sequence. The frequency or type of virus mutation did not differ between periods of IPV and OPV use or by virus serotypes. This study indicates that the sustained transmission of OPV viruses was limited during IPV use in a middle-income country with a temperate climate. The continued importation of poliovirus and genetic instability of vaccine strains even in the absence of sustained circulation suggest that high poliovirus vaccine coverage has to be maintained for all countries until the risk of reintroduction of either wild or vaccine-derived poliovirus is close to zero worldwide.
In the context of the near achievement of poliomyelitis eradication and anticipated cessation of oral poliovirus (PV) vaccine (OPV), the World Health Organization (WHO) has recommended the use of inactivated PV vaccine (IPV) in countries that have IPV production facilities or other countries where immunization programs fulfill certain financial and logistic criteria (37) . IPV has been shown to be safe and immunogenic in children in both developed and developing countries. (34) IPV diminishes the excretion of PV by children challenged with the Sabin strain of PV only moderately. The questions of whether and to which extent Sabin PV that is reintroduced into a population immunized with IPV could establish circulation, mutate to vaccine-derived PV (VDPV), and consequently cause poliomyelitis remain important. No such emergence of VDPV in developed countries using IPV has been reported. However, suboptimal hygienic conditions and insufficient vaccine coverage in middle-or low-income countries could favor the establishment of PV circulation after reintroduction, as indicated by recent VDPV outbreaks in populations with low OPV coverage (27, 38) .
Argentina currently uses OPV in the childhood immunization program according to recommendations from the PanAmerican Health Organization. The last case of poliomyelitis due to wild-type PV was reported in Argentina in 1984 and in Córdoba Province in 1971 (24) . In Córdoba City, the capital of Córdoba Province, standalone IPV (Imovax Polio; Sanofi Pasteur) replaced OPV (Polioral; Novartis Vaccines) in the routine childhood immunization program (2, 4, and 6 months of age plus a booster at 18 months age) from 1 January 2003 to 31 December 2005, while the surrounding provinces continued to use OPV. Due to an IPV shortage between 10 August and 7 September 2005, OPV was used in the capital during this period. We conducted environmental PV surveillance in Cór-doba Province from May 2005 to April 2006 to describe environmental PV circulation and molecular characteristics of PV depending on the vaccine used. In the present evaluation, we also describe the dynamic of PV circulation around the change of IPV-OPV-IPV-OPV in the capital. This observation can contribute evidence regarding the dynamics of PV circulation and its implication for global immunization policy after polio eradication.
MATERIALS AND METHODS
Background. Córdoba Province is located in the North West of Argentina and has average monthly temperatures of around 20°C during November to April and around 10°C during July through September. Rainfall peaks during January through April with around 100 to 200 mm of rainfall. The estimated per capita gross domestic product for 2001 in Argentina was 11,920 international dollars, child mortality for girls in 2002 (probability of dying under age 5 years) was 16 per thousand, and the total fertility rate in 2002 was 2.5. Córdoba City (approximately 1,368,301 inhabitants) is the capital of the province, and the three most populous additional cities of the province are Rio Cuarto (approximately 144,021 inhabitants), Villa Maria (approximately 72,162 inhabitants), and San Francisco (approximately 58,779 inhabitants). These four towns were chosen for environmental PV surveillance. In the 2001 census, around 10% of Córdoba Province's population (the highest at 12% in Córdoba City and the lowest at 9% in San Francisco) was reported to be living with basic needs unsatisfied (indicator based on sanitary and housing conditions, school attendance, and subsistence capacity). During 2004 and 2005, the administrative vaccine coverages for 3 doses of OPV or standalone IPV (calculated as the number of doses administered divided by the target population) were 82% and 88% in Córdoba City, 88% and 101% in Rio Cuarto, 108% and 106% in Villa Maria, and 98% and 101% in San Francisco, respectively (Córdoba Province Ministry of Health).
Sample collection. From May 2005 to April 2006, we collected weekly wastewater samples in Rio Cuarto, Villa Maria, and San Francisco, and to account for the larger population size, we collected samples twice per week in Córdoba City. The sewage systems had a population coverage of 61% in Córdoba City, 65% in Villa Maria, 66% in San Francisco, and 75% in Rio Cuarto. In Córdoba City and Rio Cuarto, collection sites were situated at wastewater treatment plants, and in Villa Maria and San Francisco, where no wastewater treatment plants existed, samples were collected at central control points of the sewage collectors. For each sample, 1.5 liters of wastewater was taken on weekday mornings by the grab collection method described in the WHO Guidelines for Environmental Surveillance of Poliovirus Circulation (35) . No samples were collected during calendar week 14 (April) of 2006. Each sample was transported within 12 h at 4°C to 8°C to the Virological Institute, Córdoba National University, Córdoba City, for further processing and analyses.
Laboratory analyses. Laboratory analyses consisted of concentration of the samples, PV isolation from the concentrates by cell culture, identification of the isolated PVs, and genetic sequencing of PVs and were done, where applicable, according to the WHO Guidelines for Environmental Surveillance of Poliovirus Circulation (35) and the WHO Polio Laboratory Manual (36) . The concentration of wastewater samples was performed using methods described previously by Lewis and Metcalf (20) and Greening et al. (10) , with modifications described previously by Huang et al. (15) , at the Virological Institute, Córdoba National University. The 1.5-liter wastewater samples were concentrated 100-fold to 15 ml by high-speed centrifugation, resuspension, sonication, and chloroform treatment.
Frozen aliquots of wastewater concentrate were sent to the Institute for Environmental Science and Research, New Zealand, where each wastewater sample (1 ml/flask) was analyzed in one RD(A) cell and two L20B cell flasks in parallel using standard operating procedures (35, 36) . Possible cytopathogenic effects were identified and PV and enterovirus were confirmed using appropriate antisera and immunofluorescence reagents. PVs were serotyped by neutralization assays. When mixtures of viruses occurred, these were separated by PV antiserum blocking, end-point titration, or intratypic differentiation.
All PVs found during this project were sent to the Institut Pasteur, Paris, France, for genetic sequencing. VP1 genomic regions (900 to 906 nucleotides long) were sequenced using UG1 and UC11 oligonucleotidic primers (11) . In order to recognize recombinant isolates, identification of the 3D sequence was performed using restriction fragment length polymorphism assays (3D region) as previously described by Romanenkova et al. with oligonucleotidic primers UG16 and UC12 and restriction enzymes RsaI, DdeI, and HinfI (29) . Sequence analysis was performed using CodonCode Aligner software (CodonCode Corporation, Dedham, MA). Amino acid names are abbreviated using conventional amino acid letters.
Data were entered into a study database using Voozanoo (Epiconcept, Paris, France) and analyzed using STATA, version 9.0.
RESULTS

Detection of PV.
A total of 255 wastewater samples were tested for the presence of PV and non-PV enterovirus. The proportion of samples that were positive for enterovirus was 99% in Córdoba City, 96% in Rio Cuarto and Villa Maria, and 86% in San Francisco. Overall, poliovirus was found in 144 (56%) samples. No seasonal pattern was found for the frequency of samples that were positive for enterovirus or PV. In the three sites using exclusively OPV, the mean monthly proportion of positive samples varied between 20% and 100%, with an overall proportion of 54% (Table 1 and Fig. 1 ). Nineteen (23%) samples were positive for PV1, 34 (41%) were positive for PV2, and 46 (56%) were positive for PV3 (allowing that one sample could be positive for more than one serotype) ( Table 1) .
During IPV use in Córdoba City (May to July 2005, after 28 to 31 months of exclusive IPV use), the overall proportion of samples that were positive for PV was 17% (Table 1) , with monthly variation from 0% to 50% ( During ongoing IPV use (May to July 2005) in Córdoba City, no serotype 1 PV (PV1) was found in any sample, but PV2 was detected in three samples (60% of positive samples), and PV3 was detected in two samples (40%) ( Table 1 ). The tendency for the less frequent isolation of PV1 was seen in periods of both IPV and OPV use and was seen at all sites.
Molecular characteristics of isolated PVs. Of the 255 PV isolates obtained during the study, genetic sequence data were available for 252 of them, 40 of which were PV1, 106 of which were PV2, and 106 of which were PV3. All of them were identified as being Sabin-like strains by sequencing of their VP1 regions. Compared with Sabin strains, 194 (77%) of the isolates showed at least one mutation and 6 (3%) showed five or more mutations (Table 2) . Among all isolates, the median number of mutations per strain was 1, and the median number of mutations per strain was 2 among strains with at least one mutation. The median genetic divergences from Sabin strains were 0.11% for all isolates and 0.22% for isolates with at least one mutation. No significant differences regarding the frequency or type of mutation, transversions, or silent mutations were observed between sites, IPV-or OPV-using periods, or virus serotypes (Tables 2 and 3) .
Among the mutations observed in the VP1 regions, special attention was paid to nonsynonymous mutations affecting codons of amino acid residues that are known to be implicated in the attenuation phenotype of OPV strains (attenuation markers): VP1 residues A 88 , T 106 , and F 134 of the serotype 1 Sabin strain (S1) (2); VP1 residue I 143 of S2 (22); and VP1 residue T 6 of S3 (32, 33) (Fig. 2) . Almost 30% of the type 1 isolates displayed nonsynonymous mutations affecting these codons. T 106 was the most frequently mutated codon; in all instances, the amino acid mutation was a T3A back mutation introducing a residue that is found in the neurovirulent Mahoney strain, from which S1 is derived. In contrast, the A 88 -encoding codon was found to be unmodified in all isolates. Only one synonymous mutation was found in the F 134 -encoding codon. T 143 was mutated in more than 60% of the 106 S2 isolates. Modification of the second nucleotide of this codon was about 10 times more frequent than in the first nucleotide, whereas the third nucleotide was found to be unmodified in all strains. Most mutations led to an I3T amino acid substitution; however, several I3V, I3S, and I3N substitutions were also observed. More than 90% of the S3 isolates showed a mutation at the second nucleotide position of T 6 , leading to a T3I back mutation.
No recombination with non-PV enteroviruses was observed. The frequencies of intertype recombinations were similar across vaccine periods but were significantly higher for Sabin-like poliovirus 3 (SL3) isolates (39%) compared to SL1 (5%) or SL2 (7%) (P value of Ͻ0.001 by chi-square test) ( Table 3 ). The majority of the observed recombinant strains were S3 recombining with an S2 3D region (60% of all observed recombinant strains).
Among the intertypic recombinant isolates found in this study, three serotype 3 isolates displayed peculiar genomic features, with an S3/S2 recombination site located in the VP1-encoding region. The recombination site of isolate 06/256L1P3 was found at nucleotide positions 814 to 815 (according to S3 VP1 numbering) (Fig. 3A) . Although isolates 05/124L2P3 and 06/205L1P3 had been isolated at 4-month intervals (11 October 2005 and 2 February 2006, respectively) and in two different towns (Córdoba City and Rio Cuarto, respectively), their recombination sites were identically located (positions 784 to 785) (Fig. 3) . The recombination sites of these isolates were found to be located very close to each other and also close to the recombination sites of three other S3/S2 intertypic recombinant vaccine-derived PVs that were previously reported (1, 6, 23) .
Restriction fragment length polymorphism analysis of two isolates (05/124L2P3 and 06/205L1P3) showed S3-like profiles in the 3D regions, indicating at least a tripartite genome, S3/ S2/S3, with a first recombination site in the VP1 region and a second one downstream, in the nonstructural part of the genome. Partial sequencing of the 3D genes of these isolates indicated that the S2/S3 recombination site of 05/124L2P3 was located between nucleotide positions 6,068 and 6,084, according to S3 numbering (Fig. 3B) . The recombination site of isolate 06/205L1P3 involved sequences from S1 and S3 in the 3D gene (Fig. 3C ) and provided evidence of at least a quadripartite genome consisting of S3/S2/S1/S3.
DISCUSSION
The current study highlights the geographically mobile and genetically unstable nature of Sabin PV and the impact of changes in the immunization strategy on the presence of the virus in the environment. After a period of exclusive IPV use over 2 years, a substantial proportion of wastewater samples from Córdoba City remained positive for PV. This was possibly due to importation from surrounding populations that used exclusively OPV for infant immunization. If such importation occurred, it could have resulted from either direct excretion by vaccinated infants during visits to Córdoba City or excretion by children and adults after transmission from vaccinees to Cór-doba City residents. The PVs isolated in wastewater samples from the capital city during IPV use showed little genetic divergence from the Sabin strain, and this divergence was not greater than that found for other periods or sites of OPV use. Given the average mutation rate of 0.1% per month (18, 39) , these PVs had circulated only very recently in the population. This suggests that mainly direct excretion from vaccinees occurred and that chronic PV excretors or sustained circulation among Córdoba City residents did not play a role in the substantial presence of PV in the environment.
During transitory OPV use in Córdoba City over 1 month (August to September 2005), the presence of PV in the environment increased within 1 month to a positive sample proportion of 100%. This rapid reappearance indicates that excretion from the vaccinated infant population was well captured in our surveillance system. After OPV cessation in Córdoba City in September 2005, the proportion of PV-positive samples started to decline. The decline rate is very similar to that from a report of environmental PV surveillance around IPV introduction in New Zealand (15) , which has a climate similar to that of Córdoba Province. Again, the little genetic divergence from strain Sabin shown by isolates from this period plus evidence from earlier studies showing PV excretion after OPV immunization over several months (4, 7) suggest that this prolonged shedding likely occurred exclusively in recently vaccinated infants.
In the peripheral towns of the province using OPV, only half of the samples were positive for PV, indicating a limited sensitivity of the surveillance system. Laboratory procedures or toxic substances in the sewage are unlikely causes of reduced sensitivity, given the high proportion of positive samples in the capital city and the high prevalence of enterovirus in all sites. Other factors such as longer transport from the periphery to the laboratory or differences in sewage dilution, diaper use, OPV coverage, or mucosal immunity remain speculation. The best explanation could be a lower catchment of infants shedding PV into the sewage system in the provincial towns, where the sewage system covers predominantly central city parts, while families with children tend to live in peripheral neighborhoods with less access to the sewage system.
Environmental PV surveillance is a sensitive method to sur- Total S1/S2 S1/S3 S2/S1 S2/S3 S3/S1
S3/S2
All sites and periods (20) 2 (4) 1 (2) 3 (6) 4 (8) 10 (20) vey for the circulation of pathogenic viruses but requires an existing comprehensive sewage network (14) . While technical limitations exist for identifying particular viruses from samples containing virus mixtures (13) , it has been shown that environmental PV surveillance is sensitive enough to detect the same virus lineage that is probably excreted by a single chronically infected person (30) . However, up to now, little data existed on correlations between the excretion of PVs from humans and the presence of PVs in environmental waters or sewage. Excreted viruses and, in particular, genuine vaccine strains may not be resistant to environmental conditions. As we found a good correlation between OPV use and the density and diversity of OPV strains circulating in sewage, our study contributes evidence that environmental PV surveillance is suitable to study the global excretion of PVs by human populations and not only to detect rare peculiar excretors. During both OPV and IPV use, PV1 was found less frequently than PV2 or PV3, which agrees with data from the report from New Zealand (15) . This difference may be due to differences in the amount of virus excreted, the duration of excretion, the stability in the environment, or the capacity of virus to be transmitted from the vaccinees to their close contacts. Duration of excretion may not be an important factor, as Cuervo et al. (4) previously described longer periods of excretion of PV1 after prime vaccination than of PV2 or PV3. Following the partial sequencing of capsid genomic regions, several vaccine-derived PVs isolated from river water and sewage in Japan were also found to be mutated (40) . In this case, whereas the percentage of mutated type 1 (75%) samples was similar to that found in our study (73%), the percentages of mutated type 2 and type 3 strains were lower (45% and 51% versus 80% and 76%, respectively).
The VP1 sequences of most Sabin-like strains isolated in this study showed signs of diminished attenuation. S1 has several attenuation and temperature-sensitive markers that are scattered over various parts of the genome (2, 19, 31) . This could explain why only about 30% of S1 isolates in our study showed substitutions that may lead to attenuation. The high proportion of S2 isolates with a nonsynonymous mutation at the corresponding codon indicates great genetic instability of this serotype, in accordance with data from several previous reports (5, 22, 23) . Most S3 isolates were mutated at T 6 (T3I), but the value of this attenuation marker is controversial (3, 32, 33) , as such substitutions have been found in three substrains of OPV that were used without any reported adverse reactions (28) .
Mutations in capsid attenuation markers were frequent in our isolates. They are considered to be less involved in OPV attenuation than 5Ј-untranslated region (UTR) markers (25) , but we did not analyze 5Ј-UTR markers in our study or test isolates using transgenic mice, so an interpretation of the actual neurovirulence of the presented isolates is limited. However, in many PVs isolated from vaccinees, the genetic instability of the capsid markers parallels that of 5Ј-UTR markers (25) . Therefore, we consider that a large percentage of our isolates might be substantially more pathogenic than vaccine strains, while they did not fulfill the criteria for VDPV of Ͼ1% divergence (18) . Under the assumption that the PVs isolated in this study had not extensively circulated in the population but were shed predominantly by vaccinees and primary contacts, the frequent finding of mutations and diminished attenuation illustrates the genetic instability of PV with subsequent risk from the use of live-PV vaccines.
Previous studies have shown that recombination events involving enteroviruses of different serotypes occurred mainly in the nonstructural part of the genome (4, 9, 16, 21, 26) . Interestingly, three recombinant strains described in this study show a S3/S2 VP1 recombinant region, as did three VDPVs reported previously (1, 6, 23) . This kind of recombinant may appear more frequently than previously believed. We found the recombination sites in a 40-nucleotide-long region identical to that described in previous reports (1, 6, 23) . This VP1 region could therefore represent a hot spot for intertypic recombination, implicating S2 and S3 strains. It is of interest that recombination in this region led to the substitution of VP1 amino FIG. 2 . Mutations observed on VP1 attenuation markers. Above each nucleotide, the column height indicates the percentage of all PVs of a given serotype isolated during the study that feature a mutation at this position. Below each codon, the circle shows the distribution of the amino acid substitutions resulting from the mutation. The capital letters below the nucleotides and in circles represent conventional abbreviations for amino acids. syn., synonymous mutation. 287 KDG 289 of S2; these residues were shown previously to belong to PV neutralization antigenic site 3a (8, 12) . Located near the C-terminal extremity of the capsid, recombination sites give rise to amino acid substitutions that, despite a chimeric VP1 protein, respect the structural and functional features of the viral capsid. Although these S3/S2 recombinant viruses could show altered antigenic properties, they did not acquire type 2 antigenic characteristics (1, 23) . All circulating VDPVs isolated in the world had been circulating for more than a year and, with few exceptions, were recombinants between PVs and cluster C enteroviruses (18, 38) . In our study, no recombination was observed between PVs and non-PV enterovirus, which supports that PV did not circulate for an extended period in the population. However, we did not type isolated enteroviruses and thus cannot exclude that the absence of cluster C enteroviruses in Córdoba Province was responsible for the absence of recombination between the PV and non-PV enteroviruses.
Two of the three isolates with a recombination site inside the VP1 gene were tripartite or quadripartite recombinants with supplemental recombination junctions found in their nonstructural genomic regions. While relatively rare, such vaccine-derived strains with complex mosaic genomes resulting from multiple recombination events have been described (4, 17) .
Our findings of the continued importation of Sabin-like virus into an IPV-using population and the genetic instability of vaccine strains even in the absence of sustained circulation underline some principles for the global PV immunization strategy. OPV is a useful tool because it efficiently limits PV circulation in a population but with the drawback that is creates the risk of disease due to vaccine-associated and vaccine-derived PV. As mutated PV is found even in a population using IPV or OPV with a coverage of 85% or higher, it seems necessary for public health safety to avoid the introduction of PV in populations through OPV vaccination as much as possible.
As PV eradication is approaching, a global policy on how and when to stop OPV immunization is needed. Current options for this are a coordinated global cessation of OPV after a mass immunization campaign without any vaccine replacement or the long-term or transient replacement of OPV with IPV. Our study suggests that the sustained circulation of OPV strains does not occur in middle-income countries with temperate climates using IPV with good coverage, as PVs isolated from the environment showed little genetic divergence from Sabin strains and no recombination between PVs and non-PV enteroviruses, and the OPV virus detection rate declined after the replacement of OPV by IPV, similarly to what was observed in New Zealand. This indicates a low risk of emergence of neurovirulent VDPV strains and poliomyelitis during IPV use. On the other hand, Sabin-like strains were found in onesixth of wastewater samples, even during long-term IPV use, which were probably imported from the surrounding provinces, which illustrates the geographic mobility of PV. Furthermore, most of the PVs showed mutations, supposedly after direct shedding by the vaccinees or limited person-to-person transmissions. This illustrates the genetic instability of OPV strains. In summary, this study indicates that no matter what strategy is to be adopted for ceding OPV immunization, a high level of vaccine coverage has to be maintained for all countries until the risk of reintroduction of either wild or vaccine-derived PV is close to zero worldwide.
